Abstract: Radix Pueraria lobata (RP) has been reported to prevent obesity and improve glucose metabolism; however, the mechanism responsible for these effects has not been elucidated. The mechanism underlying anti-obesity effect of RP was investigated in high-fat diet (HFD) induced obese mice and skeletal muscle cells (C2C12). Five-week-old C5BL/6 mice were fed a HFD containing or not containing RP (100 or 300 mg/kg) or metformin (250 mg/kg) for 16 weeks. RP reduced body weight gain, lipid accumulation in liver, and adipocyte and blood lipid levels. In addition, RP dose-dependently improved hyperglycemia, insulinemia, and glucose tolerance, and prevented the skeletal muscle atrophy induced by HFD. Furthermore, RP increased the peroxisome proliferator-activated receptor gamma coactivator-1 alpha (PGC-1α) expression and phosphorylation of adenosine monophosphate-activated protein kinase (AMPK) in skeletal muscle tissues. RP and its main component, puerarin, increased mitochondrial biogenesis and myotube hypertrophy in C2C12 cells. The present study demonstrates that RP can prevent diet-induced obesity, glucose tolerance, and skeletal muscle atrophy in mouse models of obesity. The mechanism responsible for the effect of RP appears to be related to the upregulation of energy metabolism in skeletal muscle, which at the molecular level may be associated with PGC-1α and AMPK activation.
Introduction
The current obesity epidemic is one of the greatest public health concerns of our century [1] . It has been estimated that the number of obese individuals could increase to 1.12 billion in 2030, which would account for 20% of the world's adult population [2] . Obesity has been linked with numerous health-related pathologies, especially metabolic syndrome. Obesity and metabolic syndrome are known to be caused by a lack of energy homeostasis [3] . All anti-obesity drugs currently approved by the US FDA work by reducing energy intake. In fact, no approved drug targets energy expenditure, that is, modulates cellular bioenergetics [4] .
Recently, many studies have been focusing on skeletal muscle as a means of treating obesity and metabolic syndrome for several reasons. First, energy expenditure takes place largely within mitochondria, which are abundant in skeletal muscle. In fact, the oxidative capacity of skeletal muscle is predominantly dependent on mitochondria [4] . Second, skeletal muscle is known to be important in the contexts of insulin resistance and glucose metabolism. Insulin resistance is associated with
Lipid Accumulation Analysis in Liver
Oil droplet content of liver tissue was determined by oil red O staining. Optimal cutting temperature-embedded liver tissue was cut into 10 µm sections, which were then mounted on cryostat clear slides. Tissues were allowed to dry for 1 h, hydrated in distilled water for 5 min, dipped in absolute propylene glycol solution for 2 min, stained with oil red O working solution (Sigma, Ronkonkoma, NY, USA) for 1 h, dipped in 85% propylene glycol solution for 1 min, and rinsed with distilled water. Sections were visualized under a Leica DM 2500 microscope.
C2C12 Cell Cultures and Treatment
C2C12 cells (CRL-1772, ATCC, Manassas, VA, USA) were cultured in DMEM (Invitrogen, Grand Island, NY, USA) supplemented with 10% FBS (Invitrogen) and a penicillin/streptomycin mix (Invitrogen). For differentiation, C2C12 myoblasts were cultured till confluent and then were incubated with the media containing was 2% horse serum (Invitrogen). Cells were cultured in this medium for four days with medium replacement every 24 h. Differentiated C2C12 myotubes were treated with or without RP (0.2 or 0.5 mg/mL), puerarin (10 or 20 µM), or metformin (2.5 mM) for 24 h.
The concentration of RP or puerarin for treatment in C2C12 myotubes was determined by MTT assay, and used the non-toxic range.
Western Blot
Protein samples from skeletal muscle tissue or C2C12 cells were obtained by lysis in ice-cold lysis buffer containing 150 mM NaCl, 50 mM Tris-HCl, 1 mM EDTA, 50 mM NaF, 10 mM Na4P2O7, 1% IGEPAL, 2 mM Na 3 VO 4 , 0.25% protease inhibitor cocktail, and 1% phosphatase inhibitor cocktail (Sigma-Aldrich, St. Louis, MO, USA). Homogenates were centrifuged at 12,000 g for 20 min at 4 • C. For western blotting, 50 and 10 µg of protein samples from or cell cultures were used, respectively. Antibodies and their sources were as follows; anti-phospho-AMPKα (Thr 172), anti-AMPKα, anti-acetyl-CoA carboxylase (ACC) (Cell Signaling Technology, Danvers, MA, USA), anti-PGC1α, anti-mitochondrial transcription factor (TFAM), anti-nuclear respiratory factor-1 (NRF-1) and myosin heavy chain (MyHC) (Santa Cruz Biotechnology, Santa Cruz, CA, USA), and anti-β-actin (Sigma-Aldrich). Western detection reagent (GE Healthcare Bio-Sciences, Pittsburgh, PA, USA) was used to develop the bands, which were quantified by densitometry using Image J.
Immunofluorescence Analysis
C2C12 cells were fixed in 4% formaldehyde in PBS, permeabilized with 0.5% Triton X-100, and blocked with PBS containing 5% bovine serum albumin. After three washes with PBS, cells were incubated overnight at 4 • C with an anti-MyHC antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA), and then washed with PBS at room temperature. Cells were incubated with Alexa Fluor 488 goat anti-rabbit IgG (Life technologies, Carlsbad, CA, USA) for 1 h at room temperature, and washed with PBS. Cells were mounted on a coverslip with a drop of mounting medium containing DAPI (Vector laboratories, Burlingame, CA, USA). Cells were observed using fluorescence Leica DM 2500 microscope (Leica, Wetzlar, Hessen, Germany)
ATP Contents
Total ATP contents were determined using the ATP calorimetric assay kit (BioVision, Inc., Milptas, CA, USA). ATP concentrations were calculated using the manufacturer's protocol, the absorbance was measured at 570 nm.
Statistical Analysis
The analysis was conducted using two-way (for OGTT results) or one-way ANOVA followed by Tukey's post hoc test in GraphPad Prism program ver 5.0 (GraphPad Software, La Jolla, CA, USA). Results are presented as means ± standard errors of the mean (SEM). Statistical significance was accepted for p values < 0.05.
Results

HPLC Analysis of RP Extract
HPLC analysis revealed that RP extract contained puerarin which is known to be the main component of RP (Figure 1 ). 
RP Extract Reduced Body Weight Gain
After the 16-week feeding period, HFD mice showed significant increases in body weight as compared with ND mice. RP extracts at 100, and 300 mg/kg and metformin at 250 mg/kg significantly reduced this body weight gain (Figure 2A ). RP extract treatment did not affect food intake, while metformin significantly reduced food intake compared to HFD control group ( Figure 2B) , energy efficiency was lower in RP extract (300 mg/kg) treatment group than in the HFD group ( Figure 2C ). Furthermore, HFD mice were significantly hypothermic as compared with ND mice, and RP extract significantly increased body temperatures by the area under the curve (AUC) ( Figure 2D ). In addition, RP supplementation significantly inhibited liver, pancreas, and epididymal adipose tissue weight increases (Table 1 ). 
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After the 16-week feeding period, HFD mice showed significant increases in body weight as compared with ND mice. RP extracts at 100, and 300 mg/kg and metformin at 250 mg/kg significantly reduced this body weight gain (Figure 2A ). RP extract treatment did not affect food intake, while metformin significantly reduced food intake compared to HFD control group ( Figure 2B) , energy efficiency was lower in RP extract (300 mg/kg) treatment group than in the HFD group ( Figure 2C ). Furthermore, HFD mice were significantly hypothermic as compared with ND mice, and RP extract significantly increased body temperatures by the area under the curve (AUC) ( Figure 2D ). In addition, RP supplementation significantly inhibited liver, pancreas, and epididymal adipose tissue weight increases (Table 1 ). Results are presented as means ± standard errors of the mean (SEM) (n = 5). *** p < 0.001 and ** p < 0.01 versus the normal chow fed controls (ND group); ### p < 0.001, ## p < 0.01, # p < 0.05 vs. the HFD mice. RP, Radix Pueraria lobata; ND, normal diet; HFD, high fat diet; BW, body weight. Results are presented as means ± standard errors of the mean (SEM) (n = 5). *** p < 0.001, ** p < 0.01 versus normal chow fed controls (the ND group); ### p < 0.001, ## p < 0.01, # p < 0.05 versus the high fat diet fed mice (the HFD group). RP, Radix Pueraria lobata; ALT, alanine aminotransferase; AST, aspartate aminotransferase; TG, triglycerides; TC, total cholesterol; and HDL-C, high-density lipoprotein cholesterol.
RP Extract Reduced Obesity-Induced Lipid Accumulation
RP extract dose-dependently decreased lipid accumulation in livers as determined by oil-red-O staining ( Figure 3A) . In adipose tissues, adipocyte areas were significantly smaller in the RP extract (300 mg/kg) treatment group than in the HFD group ( Figure 3B ,C). Total cholesterol HDL-cholesterol, AST and ALT levels were significantly aggravated by HFD feeding, and RP extracts (100 and 300 mg/kg) treatment groups had significantly improved serum levels of both. However, triglyceride levels were unaffected by the HFD (Table 1) .
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RP Extract Improved Obesity-Induced Glucose Tolerance
Hyperglycemia, hyperinsulinemia, and glucose tolerance are associated with obesity and metabolic syndrome [3] . RP extract administration significantly and dose-dependently reduced fasted plasma glucose and insulin levels ( Figure 4A,B) . OGTT was used to examine the effect of RP on glucose tolerance. HFD mice displayed significant impairment of glucose tolerance from 0 to 120 min after glucose administration, whereas mice in RP extracts (100 and 300 mg/kg) treatment groups showed significantly better glucose tolerance as determined by the area under the curve (AUC) analysis (Figure 4C,D) .
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Hyperglycemia, hyperinsulinemia, and glucose tolerance are associated with obesity and metabolic syndrome [3] . RP extract administration significantly and dose-dependently reduced fasted plasma glucose and insulin levels ( Figure 4A,B) . OGTT was used to examine the effect of RP on glucose tolerance. HFD mice displayed significant impairment of glucose tolerance from 0 to 120 min after glucose administration, whereas mice in RP extracts (100 and 300 mg/kg) treatment groups showed significantly better glucose tolerance as determined by the area under the curve (AUC) analysis (Figure 4C,D) . 
RP Extract Protected against Obesity-Induced Skeletal Muscle Atrophy and Improved Energy Metabolism
Skeletal muscle atrophy is characterized by reduction in muscle mass and fiber size. We found the ratio of skeletal muscle weight to whole body weight was lower in the HFD group than in the ND group, and that this reduction was ameliorated in the RP extract (300 mg/kg) treatment group ( Figure  5A) . Similarly, histological examinations of gastrocnemius cross sections showed that mean muscle fiber diameter was greater in the RP groups than in the HFD group ( Figure 5B,C) .
It has been reported PGC-1α has a significant beneficial effect on whole-body metabolism [9] , and that it prevents muscle wasting [10] . To understand the cellular basis of ameliorated lipid accumulation and inhibited atrophy in RP extract, we assessed the activation of PGC1α in skeletal muscle. AMPK activities were also determined by examining phosphorylation status, because it has been reported AMPK activation elevates PGC-1α protein levels [12] , and because PGC-1α and AMPK are key players in the regulation of energy metabolism at the cellular and whole-body levels [19] . As 
Skeletal muscle atrophy is characterized by reduction in muscle mass and fiber size. We found the ratio of skeletal muscle weight to whole body weight was lower in the HFD group than in the ND group, and that this reduction was ameliorated in the RP extract (300 mg/kg) treatment group ( Figure 5A) . Similarly, histological examinations of gastrocnemius cross sections showed that mean muscle fiber diameter was greater in the RP groups than in the HFD group ( Figure 5B,C) .
It has been reported PGC-1α has a significant beneficial effect on whole-body metabolism [9] , and that it prevents muscle wasting [10] . To understand the cellular basis of ameliorated lipid accumulation and inhibited atrophy in RP extract, we assessed the activation of PGC1α in skeletal muscle. AMPK activities were also determined by examining phosphorylation status, because it has been reported AMPK activation elevates PGC-1α protein levels [12] , and because PGC-1α and AMPK are key players in the regulation of energy metabolism at the cellular and whole-body levels [19] . As illustrated in Figure 5D , RP extracts dose-dependently increased the levels of PGC-1α and phosphorylated AMPK protein, whereas both were downregulated by HFD. illustrated in Figure 5D , RP extracts dose-dependently increased the levels of PGC-1α and phosphorylated AMPK protein, whereas both were downregulated by HFD. 
RP Extract and Puerarin Improved Mitochondrial Biogenesis and Myotube Hypertrophy in C2C12 Skeletal Muscle Cells
To assess the mechanism responsible for the anti-obesity effects of RP extract in mice, we investigated its regulatory effects on mitochondrial biogenesis and myotube hypertrophy in C2C12 cells. Accordingly, we investigated the activities of PGC-1α, AMPK, and mitochondrial biogenesis in C2C12 myotubes treated with RP extract or puerarin. In C2C12 cells, treatment with RP or puerarin increased levels of PGC-1α and the levels of NRF-1 and TFAM, the transcription factors involved in mitochondrial biogenesis ( Figure 6A ), and similarly induced the activation of AMPK and ACC ( Figure 6B ). Furthermore, RP extract and puerarin dose-dependently increased ATP levels ( Figure  6C ). These results indicate that RP extract and puerarin can increase mitochondrial biogenesis and energy metabolism by activation of the PGC-1α and AMPK in skeletal muscle cells.
Next, we investigated regulatory effects on myotube hypertrophy which is associated with protecting skeletal muscle atrophy. RP extract (0.5 mg/mL) and puerarin (20 μM) increased the protein levels of MyHC in C2C12 myotubes ( Figure 6D ). Furthermore, in line with this increase, immunofluorescence analysis showed hypertrophic morphological changes in MyHC-positive newly formed myotubes after RP or puerarin treatment ( Figure 6E ). Results are presented as means ± standard errors of the mean (SEM) (n = 5). ** p < 0.01 vs. the normal chow fed controls (ND group); ### p < 0.001, ## p < 0.01 and # p < 0.05 vs. the HFD mice. RP, Radix Pueraria lobata; BW, body weight; MW, muscle weight; ND, normal diet; HFD, high fat diet; PGC-1α, peroxisome proliferator-activated receptor gamma coactivator-1 alpha; AMPK, adenosine monophosphate-activated protein kinase.
To assess the mechanism responsible for the anti-obesity effects of RP extract in mice, we investigated its regulatory effects on mitochondrial biogenesis and myotube hypertrophy in C2C12 cells. Accordingly, we investigated the activities of PGC-1α, AMPK, and mitochondrial biogenesis in C2C12 myotubes treated with RP extract or puerarin. In C2C12 cells, treatment with RP or puerarin increased levels of PGC-1α and the levels of NRF-1 and TFAM, the transcription factors involved in mitochondrial biogenesis ( Figure 6A) , and similarly induced the activation of AMPK and ACC ( Figure 6B ). Furthermore, RP extract and puerarin dose-dependently increased ATP levels ( Figure 6C ). These results indicate that RP extract and puerarin can increase mitochondrial biogenesis and energy metabolism by activation of the PGC-1α and AMPK in skeletal muscle cells.
Next, we investigated regulatory effects on myotube hypertrophy which is associated with protecting skeletal muscle atrophy. RP extract (0.5 mg/mL) and puerarin (20 µM) increased the protein levels of MyHC in C2C12 myotubes ( Figure 6D ). Furthermore, in line with this increase, immunofluorescence analysis showed hypertrophic morphological changes in MyHC-positive newly formed myotubes after RP or puerarin treatment ( Figure 6E ). 
Discussion
The present study was undertaken to investigate the mechanism underlying the anti-obesity effects of RP extract in high-fat diet (HFD) induced obese mice and on skeletal muscle cells (C2C12). We found that RP extract improved diet-induced obesity, glucose tolerance, insulin resistance, and skeletal muscle atrophy, and that these effects were probably related to the upregulation of energy metabolism in skeletal muscle induced by the increased expression of PGC-1α.
Considerations of skeletal muscle are crucial in the contexts of energy expenditure [20] and insulin sensitivity [5, 6] . In fact, muscle reportedly accounts for 20%-30% of total resting oxygen uptake [20] and for up to 80% of post-prandial insulin-stimulated glucose disposal in healthy individuals [21] . Furthermore, a 10% increase in skeletal muscle mass to total body weight ratio has been reported to be associated with a 11% reduction in the risk of insulin resistance [22] . Therefore, both increase of oxidative capacity and prevention of skeletal muscle atrophy are viewed as being crucial in terms of the prevention of obesity and metabolic syndrome. Moreover, previous studies have shown that RP extract and its main component, puerarin reduced obesity and insulin resistance [15, 16] . However, the detailed mechanism of action involved has not been previously addressed with scientific evidence.
In the present study, mice fed a HFD were used as a model of obesity and glucose tolerance. After 16 weeks of HFD feeding, a successful animal model was established, as has been previously described [23, 24] . We used the doses of RP extract at 100 or 300 mg/kg based on a previous study [25] . RP dose-dependently prevented HFD-induced body weight increases despite no significant change in food intake. It was observed that RP treated mice had a higher body temperature and lower energy efficiency rate than HFD mice. In a previous study, body temperature was observed to be positively correlated with energy expenditure and oxygen consumption [26, 27] . Although, we did not measure these parameters in the present study, we would argue that the observed anti-obesity effect of RP accompanying an increase in body temperature and decrease in energy efficiency rate is commensurate with an increase in energy metabolism. On the other hand, metformin (the positive control) induced body weight loss with reduction of food intake, which was expected as metformin has been shown to reduce weight gain and to have an anorexic effect, probably due to the central regulation of appetite [28] [29] [30] [31] In addition, hyperglycemia, insulinemia, and glucose tolerance were dose-dependently improved by RP extract administration. In a previous study, this extract was found to reduce glucose tolerance in C57BL/6 mice, but no positive control was included [15] . Accordingly, in the present study metformin was included as a positive control, and we found no significant difference between the effect of metformin and that of RP extract on glucose tolerance test using OGTT.
As mentioned above, skeletal muscle mass importantly contributes to energy expenditure [20] and glucose metabolism [5] . Previous studies have shown a HFD causes significant skeletal muscle atrophy [24, 32] . In the present study, RP extract supplementation prevented skeletal muscle atrophy induced by HFD. In addition, our in vitro assay confirmed the significant effect of RP on protection of skeletal muscle atrophy. MyHC is the major structural protein in myotubes, therefore it is an important differentiation maker in neo-formed myotubes [33] . Our immunoblot and immunochemistry assays demonstrated that treatment with RP extract or puerarin increased MyHC expression and myotube hypertrophy.
Our findings indicate that RP extract is a novel inducer of PGC-1α in vivo and in vitro. HFD-induced obese mice exhibited diminished levels of PGC-1α, whereas RP extract-treated mice exhibited increased PGC-1α expression in skeletal muscle, RP extract, and puerarin increased PGC-1α expression in C2C12 myotubes. Furthermore, treatment with RP increased the levels of AMPK phosphorylation. Therefore, our data suggest that RP treatment increased AMPK activation leading to downstream increase in PGC-1α protein levels. PGC-1α and AMPK play critical roles in the maintenance of glucose, lipid, and energy homeostasis and are likely to be involved in the pathogenic conditions, such as, obesity [19] . Metformin is known to increase PGC-1α protein levels and oxidative enzyme activities via AMPK phosphorylation in skeletal muscle [34] . Our findings demonstrate that RP extract treatment significantly and dose-dependently increased PGC-1α protein levels and AMPK phosphorylation in skeletal muscle tissues and cells. PGC-1α and AMPK is a major regulator of mitochondrial biogenesis [35] , we observed RP and puerarin also increased mitochondrial biogenesis in C2C12 cells.
Recently, it was reported that PGC-1α importantly mediates muscle mass [10] and increases oxidative (type 1) fiber differentiation [36] . Transcript levels of PGC-1α have been reported to be markedly lower in mouse models of muscle atrophy induced by obesity, diabetes, or denervation [24, 37, 38 ], whereas energy restriction or leptin administration enhances skeletal muscle PGC-1α expression in rodents and humans [38, 39] . Furthermore, PGC-1α is closely associated with myogenic differentiation in C2C12 cells [40] . Therefore, we hypothesize that activation of PGC-1α by RP may inhibit muscle atrophy in vivo and stimulate myotube formation in vitro.
Taken together, we found that RP extract ameliorated lipid accumulation and prevented skeletal muscle loss, which suggests RP acted to coordinate catabolic and anabolic metabolism in the skeletal muscles in obese mice. However, the mechanism responsible for the RP extract-induced expressional modulation of PGC-1α and AMPK induced by RP treatment was not fully investigated, and remains a topic for future study.
Conclusions
In conclusion, the present study demonstrates that RP extract can prevent diet-induced obesity, glucose tolerance, and skeletal muscle atrophy in a mouse model of obesity. In addition, RP extract and its main component, puerarin, greatly improved mitochondrial function and myotube differentiation in skeletal muscle cells in vitro. The mechanism responsible for these effects of RP action is considered to be related to the promotion of energy metabolism in skeletal muscle probably in association with increased PGC-1α levels. It would appear that RP has potential application for reasons of the prevention and treatment of obesity and metabolic syndrome.
